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Efficiency is a critical factor limiting the applications of nonlinear plasmonic devices. We show by theory and 
experiments that high efficiency four-wave mixing (FWM) is achieved in nanometer size plasmonic hotspots, which 
open up opportunities for nanoscale light manipulation. First, we present a classical calculation on the efficiency of 
frequency conversion by quadruple-enhanced FWM for a Kerr nonlinear material loaded in the plasmonic hotspot 
of a gold nanosphere dimer. The results indicate the viability to achieve over 10% efficiency in a nanometer volume 
under milliwatts of pump power consumption or less. Next, we present experimental results which show nearly 50% 
linewidth broadening of a 100 fs pulsed laser by a monolayer graphene in a gold nanosphere-plane junction under 
25 mW of instantaneous pump power. Such a high efficiency, low power, and nanoscale nonlinear process is a 
promising candidate for making ultra-compact and high-speed nonlinear optical devices. 
    
1. INTRODUCTION 
Nonlinear plasmonics has attracted a lot of research interest in recent years due to its inherent high field intensity and compact device sizes [1], leading 
to applications in optical interconnection and modulation [2-4], nonlinear metamaterials [5-7], nanomedicine [8] and bioimaging [9]. While a lot of 
work has focused on second harmonic generation [10-12], less attention has been paid to third harmonic generation (THG) due to the small third 
order susceptibilities of available Kerr nonlinear materials (KNM) [13-16]. In all the reports on THG from nanoscale plasmonic devices up to date, the 
frequency conversion efficiencies are extremely low even under pulsed pump lasers with high peak powers, since the generated new frequency is not 
plasmonically enhanced [13-16]. In this paper, we present a theoretical estimate on the efficiency of frequency conversion by quadruple-enhanced 
four-wave mixing (FWM) for a Kerr nonlinear material loaded in the hotspot of a plasmonic nanosphere dimer, using classical Maxwell equations 
without concerning quantum tunneling or nonlocal effects [17-19]. Here, quadruple enhancement refers to the situation in which all the four mixed 
waves are enhanced by localized surface plasmon resonance (LSPR). Since nanosphere dimer is a most efficient structure as a receiving antenna to 
focus lightwaves to a nanoscale plasmonic hotspot, our work sets a theoretical benchmark for future work on creating efficient FWM nanoscale 
plasmonic devices. The theoretical results indicate that efficient FWM is indeed possible under optical communication powers. A preliminary 
experiment with a monolayer graphene in a gold nanosphere-plane junction is also reported, which shows nearly 50% linewidth broadening of a 100 
fs pulsed laser under 25 mW of instantaneous pump power.  
2. THEORY 
The FWM structure for our theoretical study is a gold nanosphere dimer loaded with a flat piece of KNM in its gap. The diameter of the gold nanospheres 
is 60 nm, and the gap between them is 1 nm. The KNM is 1 nm thick, has a relative permittivity 2.2  , and a third order susceptibility 
(3) 18 2 24.4 10 m V    which is a typical value for semiconductors and polymers [20]. The nonlinearity of gold is not considered. Two pump laser 
beams at optical frequencies 1 and 2 are focused onto the dimer, and new frequencies are produced by FWM at 3 1 22     and 4 2 12   
. The laser beams are linearly polarized along the dimer axis (the z-axis). 
  First, the linear response of the hybrid plasmonic dimer is calculated by the finite-difference time-domain (FDTD) method, using Lumerical FDTD 
Solutions. Since the dimer size is much smaller than the diffraction limit, normal-to-dimer-axis planewave illumination is used instead of focused 
illumination here, which is close enough for our target which is a rough estimate on the FWM efficiency. The LSPR scattering cross section, 
sca , 
spectrum is shown in Fig. 1(a), which has a pronounced peak at about 658 nm with a full-width half-maximum (FWHM) around 50 nm. The on-
resonance electric field intensity profile is shown in Fig. 1(b), in which a maximum enhancement of about 5105 is in the center of the dimer gap. The 
electric field of the hotspot is predominantly polarized along the z-axis, which we will call the vertical direction. The ultrahigh intensity in the hotspot 
favors high order nonlinear processes, the broadband LSPR favors large bandwidth and high-speed operations, and nonlinear processes in the tiny 
hotspot are not limited by phase-matching. 
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Fig. 1. (a)
sca spectrum of the hybrid plasmonic dimer. (b) Electric field intensity profile at 658 nm on a central cross section of the 
dimer, under a planewave incidence which is linearly polarized in the z-direction and propagating in the y-direction. The electric field 
intensity is normalized to that of the planewave. 
 
In the following, we calculate the fields and powers of FWM. For simplicity, we assume that all of the four nonlinearly mixed optical 
waves have the same value of electric-field-amplitude-enhancement-factor ( EH ), which is the electric field amplitude in the center of 
hotspot normalized by that of the pump focal spot, the latter written as 
0E . The power intensity, I , of the pump focal spot can be 
found by 
2
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1
2
I c E                   (1) 
where c  is the speed of light in vacuum, and 
0  is the permittivity of vacuum. Though Eq. (1) is only valid for planewaves, we will use it for a rough 
estimate here. A more accurate relationship between I  and 0E  can be found in Ref [21]. The linearly scattered and absorbed pump powers by the 
plasmonic dimer are given by 
sca I  and abs I , where abs  is the absorption cross section of the dimer, which can be also obtained in the earlier 
linear FDTD calculation. 
  The amplitude of the third order polarization density at 
3  in the KNM, 
(3)P , is given in SI units by 
(3) 3 (3) 2
0 0 1 0 23 ( ) ( ),P EH E E                      (2) 
where the value of EH can be obtained from Fig. 1(b). Here the plasmonic dimer acts as a receiving optical antenna to confine the pump power in the 
hotspot. The KNM as a radiating source at 
3  can be considered a point dipole with a dipole moment amplitude of 
(3) ,p P V                       (3) 
where V  is the volume for FWM. V  is different from the hotspot volume in that the former is the volume of 8E  due to quadruple 
enhancement of the FWM process, while the latter is for 2E . Taking a hotspot diameter of ( 2)d g  [22], where d  is the gold 
nanosphere’s diameter and g  is the width of the gap, and assuming a Gaussian-like hotspot intensity profile for simplicity, V  is estimated to be 
2 .
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                         (4) 
The dipole radiation from the KNM is also enhanced by the plasmonic dimer, which acts as a transmitting optical antenna here. The enhancement 
in dipole radiation intensity into the y-direction is 2EH , with the same EH  value as for the receiving antenna, according to the reciprocity rule 
stated in Ref. [23]. By approximating the dimer radiation with a point dipole radiation, we can assume that the enhancement in radiation intensity into 
any directions is the same, so that the total radiation power is also enhanced by 2EH . Therefore, the scattering power at 
3  is 
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The total generated power at 
3 , including both the scattered and the absorbed by the plasmonic dimer, is 
3 3( ) 1 ( ).
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The frequency conversion efficiency is defined as the ratio between the total generated power at the new frequencies and the consumed pump 
power, the latter including linear extinction and conversion to new frequencies, or equivalently, the ratio between the radiation power at the new 
frequencies and the sum of linearly scattered pump power and new frequency radiation, assuming that all four waves have the same 
sca  and abs  
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values. Assuming that the two pumps have the same intensities, the efficiency is 
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Finally, it should be noted that when eff is high, the relationship between the hotspot intensity at the pump frequency and the pump power will 
become nonlinear, which is not covered in our model. The following is a brief explanation. The large LSPR cross sections of the plasmonic dimer come 
from the fact that the local field of the dimer interferes with the pump field so that the Poynting vector of the pump is bent towards the dimer [24]. If a 
significant percentage of LSPR local field is converted to different frequencies, the Poynting vector bending effect will be weaker, and the LSPR quality 
factor will drop, so that a higher pump power will be needed to achieve the same LSPR local field under the effect of new frequency generation. But 
this doesn’t affect our model, since 
3( )P   and I are calculated based upon 3( )p   and 0EH E , which determine the LSPR local field 
amplitudes of all four waves regardless of the actual pump power, so that the LSPR scattered and absorbed powers of all four waves can be obtained 
using the linear response cross sections. In another word, the increase in I  and decrease in   as eff increases are cancelled in our model. In 
addition, cascaded FWM is not considered. 
The power of the third harmonic, 
3( )P  , as a function of pump power consumption, material nonlinear coefficient 
(3)  and gap size g , is 
plotted in Fig. 2 based upon the above developed theory. In Fig. 2(a), 1g   nm and (3)  sweeps by tenfold decreases to a typical value for weakly 
nonlinear materials such as glass and water [20]. 15 28.7 10sca m ,
14 24.4 10abs m
 , and 692EH . In Fig. 2(b), 
(3) 18 2 24.4 10 m V   , while g  sweeps up to 5 nm which is a viable thickness for making a layer of many materials using advanced epitaxy 
techniques, such as atomic layer deposition (ALD) and molecular beam epitaxy. The value of EH  is taken to be inversely proportional to g , 
assuming the electromagnetic field energy confined in the hotspot doesn’t change. LSPR blue shift with increase of g , and corresponding increase in 
sca  and abs  are not contained in the model, which can always be tuned by the size of the nanosphere and the refractive index of KNM. In both 
figures, a yellow line indicates a FWM frequency conversion efficiency of 10%. From the theoretical results, under the ideal situation, in which a highly 
confined 1 nm gap hotspot is loaded with a highly nonlinear material, only several tens of microwatts of pump power is necessary to achieve a high 
frequency conversion efficiency. Even with less nonlinear materials, frequency conversion is much stronger than THG experimental reports up to date. 
To load highly nonlinear materials in the gap, a compromise in gap size can also be accommodated for sub-mW operation. 
 
Fig. 2. The power of each new frequency versus the consumed power of each pump, both being a sum of scattering and absorption. (a) Different (3)
and g =1 nm. (b) (3) 18 2 24.4 10 m V   and different g . 
3. EXPERIMENTS 
In the following, we experimentally demonstrate the viability to achieve high efficiency FWM frequency conversion under low pump powers. While 
tremendous work is yet needed to investigate the sample and improve the experiment, it serves the purpose to validate the theoretical prediction.  
The antenna we used in the experiment is a nanosphere-plane junction instead of a dimer for better control of gap size and KNM loading, and the 
KNM is a monolayer graphene, as illustrated in Fig. 3(a). The nanosphere is a 100 nm diameter gold sphere, and the plane is a 200 nm thick atomically 
flat gold layer on top of a mica substrate. The nanosphere and its mirror image form a vertically polarized optical antenna, which has been reported to 
create reproducible and ultrahigh intensity hotspots for surface enhanced Raman scattering (SERS) [25].  
To fabricate the sample, first the gold plane was rinsed with acetone, isopropanol and ultra-purified water and dried under a stream of nitrogen. 
Next a monolayer of graphene on a water-soluble polymer substrate was transferred to the gold plane, dried in ambient condition for 24 hours, 
immersed in acetone for 0.5 hours to remove polymethyl methacrylate on top of graphene, and immersed in 1:1 diluted isopropanol to remove acetone. 
Then, a droplet of 5.6109/mL gold nanosphere colloid was dropped onto the sample, kept for 45 minutes, and dried under a stream of nitrogen. 
Finally, 25 nm thick Al2O3 was deposited by ALD to cover the nanosphere so that its LSPR red shifts to resonate with a 785 nm femtosecond (fs) pulsed 
laser, and to protect the sample from laser damage. In fact, Al2O3 not only covered the nanospheres but also filled the gaps non-uniformly 
between different antennas, according to the observation that the antennas had a variance in wavelength shift of about 10 nm, and the 
after-ALD LSPR spectral profiles were much more different from each other than before ALD. Therefore, the KNM contains both 
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graphene and Al2O3. A scanning electron micrograph (SEM) of the antennas is shown in Fig. 3(b).  
 
Fig. 3. (a) Schematic illustration of the experimental sample. (b) SEM image of two antennas before ALD. The arrows point to gold 
nanospheres. 
Before and after the FWM experiments, we measured and compared the LSPR and SERS spectra to confirm that the sample had not 
been damaged by the high laser power. The measurement method is described in Ref. [25,26]. The spectra of two antennas are shown 
in Fig. 4. The ultrahigh EH  value allows us to observe SERS signals from a monolayer graphene in a several nanometer wide hotspot. 
However, the vast difference between the two antennas’ LSPR and SERS spectra show that our fabrication was far from well controlled. 
This is suspected to result from Al2O3 entering the gap and/or the low quality of graphene as indicated by the strong D Raman band. In 
the SERS spectra of graphene, the G, 2D and D band correspond to a normal first order Raman scattering process, a second-order process 
and the defects of graphene, respectively [27].
Fig. 4 LSPR and SERS spectra of antenna #1 (top row) and #2 (bottom row). The red line marks the fs laser’s central wavelength.  
In the FWM experiment, the fs laser was filtered by an around 10 nm wide band-pass filter to clean its spectral profile, and focused by an objective 
with a numerical aperture (NA) of 0.9 onto the antenna. It has a central wavelength about 785 nm, a pulse width of 100 fs and a repetition rate of 
80 MHz. High NA focusing produces a considerable vertical polarization component to couple with the nanoparticle-plane vertical antenna [26]. The 
scattering spectra were recorded under a sequence of pump powers. Figure 5 shows the results for the same two antennas as in Fig. 4. An obvious 
linewidth broadening as pump power increases, which is explicitly plotted, indicates efficient frequency conversion. Note that since the 
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LSPR wavelength is shorter than the pump wavelength, the broadening mainly happens on the shorter wavelength side. In the figure, 6 
W average pump power corresponds to 0.75 W peak instantaneous power, and 200 nW average pump power corresponds to 25 mW 
peak instantaneous power. 
Fig. 5. Normalized scattering spectra under a sequence of fs laser pump powers, and FWHM linewidth of the scattering spectra versus pump power. 
Top row: antenna #1. Bottom row: antenna #2. Inset on left column: average pump powers. 
 
Since graphene is known to have a small (3)  value for electric fields polarized normal to its plane [28], and Al2O3 has a (3)  value on the order of 
22 2 210 m V  [20], the experimental results qualitatively agree well with the theoretical prediction in Fig. 2(a). The FWM should predominantly 
happen within the gap but not in gold as briefly estimated in the following. Across the KNM-gold interface, the vertical electric field has its amplitude 
decrease by a factor of  due to the boundary condition. Therefore, under quadruple enhancement, FWM new frequency generation from both the 
KNM and gold can be written as 8 (3) 2| | ( ) V   up to a same factor, where V is roughly proportional to the gap size for KNM and to the skin depth in 
gold for gold. At 785 nm, |(Au)/(Carbon)|8 =7.61010 [29]. (3)  of gold is on the order of 19 2 210 m V [20]. The skin depth in gold is several 
nanometers. Therefore, if we assume (3)  of the KNM is on the order of 22 2 210 m V , FWM frequency conversion from the gap is two to three 
orders of magnitude larger than that from gold. This conclusion is valid unless the vertical polarization (3) of graphene is extremely small and Al2O3 
has not entered the gap, which has to be further confirmed. 
To find applications in photonic integrated circuits and many other situations, the FWM effect must be further enhanced in order to work under 
continuous-wave pumping at low powers. For improvement in this aspect, in addition to optimizing the spectral alignment and device quality of the 
above experiment, there are several foreseeable approaches. First, the monolayer graphene could be replaced by a zig-zag 2D material in which the 
electrons flow at an angle to the vertically polarized electric field to obtain a larger (3)  [30]. Second, multiple layers of 2D material can be loaded to 
increase the volume of hotspot. Third, an array of hotspots can be formed to constructively interfere with each other so as to enhance pump-antenna 
coupling and new frequency radiation. In addition, Haus’ group theoretically proposed a significant increase in effective (3)  by quantum tunneling 
[31]. 
4. CONCLUSION 
We have shown by classical electromagnetic theory that, under quadruple LSPR enhancement, KNM in a plasmonic hotspot is a promising structure 
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for over 10% efficiency FWM frequency conversion under sub-100 W pump power consumption within a nanometer space. Compromising factors, 
including low (3)  values or large gap sizes, have been studied to show that it is indeed viable to achieve high efficiencies under realistic 
experimental conditions. By pumping gold nanosphere-plane junction antennas with a 100 fs pulsed laser, which have a monolayer 
graphene in the gap and Al2O3 around the spheres, nearly 50% linewidth broadening were obtained under a 25 mW peak instantaneous 
pump power. There are many possibilities for experimental improvement so that, in the future, nano-plasmonic high-order nonlinear 
devices may work with high efficiencies under continuous-wave low power pumping, and with high stability and reproducibility. Such 
devices can perform a lot of nonlinear optical functions at the nanometer scale, such as ultra-compact optical signal processing, 
ultrahigh resolution nonlinear sensing and imaging, and nano optical frequency combs. 
 
Funding. National Science Foundation of China (NSFC 11574207); Fundamental Research Program of Science and Technology Commission of 
Shanghai Municipality (14JC1491700). 
 
Acknowledgment. We thank Shouwu Guo and Xuejiao Zhou from Shanghai Jiao Tong University and Yuanbo Zhang from Fudan University for 
technical assistance on experiments. 
REFERENCES 
1. M. Kauranen, and A. V. Zayats, “Nonlinear plasmonics,” Nature Photon. 6, 737-748 (2012). 
2. W. Cai, A. P. Vasudev, and M.L. Brongersma, "Electrically controlled nonlinear generation of light with plasmonics." Science 333, 1720-1723 (2011). 
3. N. Kinsey, M. Ferrera, V. M. Shalaev, and A. Boltasseva, “Examining nanophotonics for integrated hybrid systems: a review of plasmonic interconnects and 
modulators using traditional and alternative materials,” JOSA B. 32, 121-142 (2015).  
4. A. Melikyan, L. Alloatti, A. Muslija, D. Hillerkuss, P. C. Schindler, J. Li, R. Palmer, D. Korn, S. Muehlbrandt, D. Van Thourhout, and B. Chen, “High-speed plasmonic 
phase modulators,” Nature Photon. 8, 229-233 (2014). 
5. M. Lapine, I. V. Shadrivov, and Y. S. Kivshar, “Colloquium: nonlinear metamaterials,” Rev. Mod. Phys. 86, 1093 (2014). 
6. N. Segal, S. Keren-Zur, N. Hendler, and T. Ellenbogen, “Controlling light with metamaterial-based nonlinear photonic crystals,” Nature Photon. 9, 180-184 (2015). 
7. A. E. Minovich, A. E. Miroshnichenko, A. Y. Bykov, T. V. Murzina, D. N. Neshev, and Y. S. Kivshar, “Functional and nonlinear optical metasurfaces,” Laser Photon. 
Rev. 9, 195-213 (2015). 
8. A. V. Kachynski, A. Pliss, A. N. Kuzmin, T. Y. Ohulchanskyy, A. Baev, J. Qu, and P. N. Prasad. "Photodynamic therapy by in situ nonlinear photon conversion," Nature 
Photon. 8, 455-461 (2014). 
9. N. Kotov, “Bioimaging: The only way is up,” Nature Mater. 10, 903 (2011). 
10. Y. Pu, R. Grange, C. L. Hsieh, and D. Psaltis, “Nonlinear optical properties of core-shell nanocavities for enhanced second-harmonic generation,” Phys. Rev. Lett. 
104, 207402 (2010). 
11. J. Butet, P. F. Brevet, and O. J. Martin, “Optical second harmonic generation in plasmonic nanostructures: from fundamental principles to advanced 
applications,” ACS Nano. 9, 10545-10562 (2015). 
12. M. Celebrano, X. Wu, M. Baselli, S. Großmann, P. Biagioni, A. Locatelli, C. De Angelis, G. Cerullo, R. Osellame, B. Hecht, and L. Duò, “Mode matching in 
multiresonant plasmonic nanoantennas for enhanced second harmonic generation,” Nature Nanotech. 10, 412-417 (2015). 
13. J. B. Lassiter, X. Chen, X. Liu, C. Ciracì, T. B. Hoang, S. Larouche, S. H. Oh, M. H. Mikkelsen, and D. R. Smith, “Third-harmonic generation enhancement by film-
coupled plasmonic stripe resonators,” ACS Photon. 1, 1212-1217 (2014). 
14. B. Metzger, T. Schumacher, M. Hentschel, M. Lippitz, and H. Giessen, “Third harmonic mechanism in complex plasmonic Fano structures,” ACS Photon. 1, 471-
476 (2014). 
15. B. Metzger, M. Hentschel, T. Schumacher, M. Lippitz, X. Ye, C. B. Murray, B. Knabe, K. Buse, and H. Giessen, “Doubling the Efficiency of Third Harmonic Generation 
by Positioning ITO Nanocrystals into the Hot-Spot of Plasmonic Gap-Antennas,” Nano Lett. 14, 2867 (2014). 
16. H. Aouani, M. Rahmani, M. Navarro-Cía, and S. A. Maier, “Third-harmonic-upconversion enhancement from a single semiconductor nanoparticle coupled to a 
plasmonic antenna,” Nature Nanotech. 9, 290 (2014). 
17. K. J. Savage, M. M. Hawkeye, R. Esteban, A. G. Borisov, J. Aizpurua, and J. J. Baumberg, “Revealing the quantum regime in tunnelling plasmonics,” Nature 491, 
574-577 (2012). 
18. M. S. Tame, K.R. McEnery, S. K. Özdemir, J. Lee, S. A. Maier, and M. S. Kim, “Quantum plasmonics,” Nature Phy. 9, 329-340 (2013). 
19. C. Ciracì, R. T. Hill, J. J. Mock, Y. Urzhumov, A. I. Fernández-Domínguez, S. A. Maier, J. B. Pendry, A. Chilkoti, and D. R. Smith, “Probing the ultimate limits of plasmonic 
enhancement,” Science 337, 1072–1074, (2012). 
20. R. W. Boyd, Nonlinear optics (Academic Press, 2003), pp. 212-213, Table 4.1.2. 
21. L. Novotny and B. Hecht, Principles of Nano-Optics (Cambridge University Press, 2006), pp. 61-66. 
22. I. Romero, J. Aizpurua, G. W. Bryant, and F. J. G. de Abajo, “Plasmons in nearly touching metallic nanoparticles: singular response in the limit of touching dimers,” 
Opt. Express. 14, 9988–9999 (2006). 
23. D. Wang, T. Yang and K. B. Crozier, “Optical antennas integrated with concentric ring gratings: electric field enhancement and directional radiation,” Opt. Express 
19, 2148-2157 (2011). 
24. S. A. Maier, Plasmonics: fundamentals and applications, (Springer, 2007), pp. 66-72. 
25. J. Long, H. Yi, H. Li, T. Yang, “Reproducible ultrahigh SERS enhancement in single deterministic hotspots using nanosphere-plane antennas under radially polarized 
excitation,” Sci. Rep. 6, 33218 (2016). 
26. H. Yi, J. Long, H. Li, X. He, Tian Yang, “Scanning metallic nanosphere microscopy for vectorial profiling of optical focal spots,” Opt. Express 23, 8338-8347 (2015). 
27. L. M. Malard, M. A. A. Pimenta, G. Dresselhaus, and M. S. Dresselhaus, “Raman spectroscopy in graphene,”. Phy. Rep. 473, 51-87(2009). 
28. S. Y. Hong, J. I. Dadap, N. Petrone, P. C. Yeh, J. Hone, and R. M. Osgood Jr, “Optical third-harmonic generation in graphene,” Phy. Rev. X 3, 021014 (2013). 
29. P. B. Johnson, R. W. Christy, “Optical constants of the noble metals,” Phys. Rev. B 6, 4370-4379 (1972). 
30. Z. Sun, A. Martinez, and F. Wang, “Optical modulators with 2D layered materials,” Nature Photon. 10, 227-238 (2016). 
31. M. Scalora, M. A. Vincenti, D. de Ceglia, and J. W. Haus, “Nonlocal and quantum-tunneling contributions to harmonic generation in nanostructures: Electron-
 7 
 
cloud-screening effects,” Phys. Rev. A 90, 013831 (2014). 
